with the zinc concentration reduced by a factor of 10, 3% w/v sucrose, 0.1 mg/l of NAA, 100 mg/I of myoinositol, 0.2 mg/l of glycine, 0.5 mg/l of nicotinamide, 0.5 mg/l of pyridoxine, 0.5 mg/l of thiamine, and 0.1 mg/l of p-aminobenzoic acid. Cultures were grown in 250-ml Erlenmeyer flasks with 50 ml of medium, or in 125-ml Erlenmeyer flasks with 20 ml, on a reciprocating shaker (108 strokes/min, stroke amplitude 2 cm) in dim (5 ft-c) light at 25 to 28 C. During the 3-week subculture period, branches formed on inoculated segments, and the branches extended 2 to 4 cm in length. These branches did not form secondary branches within the 3-week subculture period. Segments (1-cm long) cut from the branches in a 3-week-old culture were used as inocula, either for subculturing or, after rinsing with distilled water, in experiments. Three to five segments were used per flask.
for various times to auxin. The segments were mostly diarch, and branches formed obliquely to protoxylem poles. While primarily only pericycle-endodermis cells divided, both these and cortex cells responded in the first 24 hours exposure to naphthaleneacetic acid with enlarged nuclei and nucleoli, and a few cortical cells divided. Maximum nucleus and nucleolus size was reached approximately 9 hours after exposure to naphthaleneacetic acid. Branches rarely elongated more than 5 cm before their meristems died. The H. ravenii culture is maintained only by the frequent formation of new naphthaleneacetic acid-induced branches.
The initiation of branch roots in cultured root segments appears to be a valuable system for studying organogenesis. Branch root primordia develop from mature cells of the pericycle and/or endodermis tissue adjacent to the central vascular cylinder (9) . Initiation of primordia is stimulated by auxin in the appropriate chemical and physical environment: the number of branches that form in a given length of root segment can be used as a quantitative index of the effectiveness of chemicals or other variables in inducing organ formation (19, 22 June 10, 1964 . Identification was based on the number and structure of the chromosomes (13) as seen in aceto-orcein squashes of seedling radicles, and later, in cultured tissues. (Studies of the chromosomes of H. ravenii cultures will be the subject of a separate communication.) On April 4, 1967 , internode sections of 3-month-old flowering greenhouse-grown plants were placed on agar Murashige and Skoog (14) medium, containing 10% coconut milk and 0.5 mg/l NAA.1 Abundant formation of adventitious roots on the callus tissue pieces occurred during the first few months in culture. After 5 months, a subline was initiated by subculturing root tips and short root segments in liquid medium. By that time, all roots examined were tetraploid. This subline was the one used in the investigations reported herein.
Culture Methods. Stock cultures of roots were maintained by subculturing root segments at intervals of 3 weeks. The medium used since shortly after starting the root subline, and in all experiments reported herein except as noted otherwise, contained the minerals formulation of Eriksson (8) with the zinc concentration reduced by a factor of 10, 3% w/v sucrose, 0.1 mg/l of NAA, 100 mg/I of myoinositol, 0.2 mg/l of glycine, 0.5 mg/l of nicotinamide, 0.5 mg/l of pyridoxine, 0.5 mg/l of thiamine, and 0.1 mg/l of p-aminobenzoic acid. Cultures were grown in 250-ml Erlenmeyer flasks with 50 ml of medium, or in 125-ml Erlenmeyer flasks with 20 ml, on a reciprocating shaker (108 strokes/min, stroke amplitude 2 cm) in dim (5 ft-c) light at 25 to 28 C. During the 3-week subculture period, branches formed on inoculated segments, and the branches extended 2 to 4 cm in length. These branches did not form secondary branches within the 3-week subculture period. Segments (1-cm long) cut from the branches in a 3-week-old culture were used as inocula, either for subculturing or (Pecket, (16) [15] [16] [17] [18] [19] [20] cells in diameter), and the amount of inhibitor from the tip is so small it is simply swamped; or to the fact that when segments are taken from a 3-week-old culture, the meristems have senesced (see later) and are no longer producing inhibitor. This point, however, deserves further investigation.
We have done little work with IAA in this system. IAA elicits responses similar to NAA when used at concentrations 10 times higher than NAA. NAA was chosen for its greater effectiveness.
Effects of Cytokinin and Gibberellin. The initiation of branch meristems induced by auxin is readily reversed in H. ravenii root segments by cytokinin ( Fig. 2) , as is well known in other systems (e.g., 23). BA, either alone or in combination with auxin, induced considerable swelling of root segments (to 2-3 mm in diameter in 3 weeks) apparently due largely to growth of cortical cells. In the presence of auxin alone the cortex undergoes little growth and is frequently sloughed off. A recent study (24) with pea root segments revealed a similar response. GA had no apparent effect on root initiation, either in the presence or absence of NAA (Table II) . This is in contrast to results reported by Brian et al. (5) for root initiation in addition of the vitamin-glycine mixture to the culture medium does enhance the rate at which laterals elongate (Fig. 9) .
The components of the vitamin-glycine supplement have not been tested separately; a matter yet to be decided is whether these components interact to mask any possible promotion of branch formation by one The age of the root segments used has an effect on branch initiation. Three weeks after inoculation of segments, the branches that have formed are elongated sufficiently (2 to 4 cm) and yield segments that develop maximum numbers of well formed primordia. Segments taken from older cultures (more than a month after inoculation) yield segments that vary more in response, often developing only few poorly formed primordia.
Kinetics of Branch Root Initiation. In preliminary experiments, it was found that primordia are well formed by 5 days, and that virtually all of them subsequently elongate. On this basis, quantitative data on the number of branches may be taken at 5 days. The important steps that lead to branch meristem formation appear to be completed within the first 5 days after exposure to NAA. In this section we present more details on the role that auxin plays in the course of development during the first 5 days.
The results of an experiment in which the daily course of branch root formation was followed in root segments continuously exposed to NAA are given in Figure 3 . Representative root segments are pictured in Figure 5A . Cytological and anatomical observations are treated in the following section. During the first 24 hr after inoculation the only changes visible with the dissecting scope were a slight swelling and darkening in the cortex. During the next 24 hr. localized thickenings (incipient primordia) began to develop on the margin of the vascular cylinder. These were rather ill defined, and root to root variation in their number was large. At the 3rd day, there were more incipient primordia which tended to be more distinct but still quite small. By day 4 the primordia were larger, on the average, and the total number was essentially at the maximum. The primordia were quite distinct by 5 days, although they had not yet extended beyond the surface of the swollen and somewhat ruptured cortex. By the 6th or 7th day, most primordia began extending through the surface. The four points between day 1 and day 4 (Fig. 3) fell on a straight line when plotted on arithmetic graph paper.
The linear nature of the appearance of primordia with time possibly reflects interactions between rates of development (to a visible, countable size) of individual primordia and variation in initiation time.
It was of interest to us to determine the minimum length of time it would be necessary to expose the root segments to NAA in order to elicit branch root formation. Accordingly, an experiment was set up at the same time as the one described above, using segments from the same batch of roots. In this parallel experiment, roots were exposed to NAA for varying lengths of time (zero, 1, 2, 3, 4, and 5 days) and then transferred after thorough washing in distilled water (except the zero-and 5-day roots) to medium lacking NAA. All were harvested and fixed at the end of 5 days of culture. Primordia and branches were counted; the data are given in Figure 4 , and representative segments are pictured in Figure SB . There was no stimulation of branching as a result of 24 hr exposure to NAA, followed by 4 days in the basal medium. The formation of 1 to 3 primordia or branches (many of which grew out beyond the cortical surface) per centimeter, and the swelling evident in the photographs, was similar to the behavior of segments cultured for 5 days on the basal medium without NAA treatment. Two days of exposure to NAA, followed by 3 days in basal, resulted in a doubling of the number of primordia. Three days in NAA, followed by 2 days in basal, produced an approximately 10-fold increase in the number of branches. Four days in NAA, followed by 1 day in basal, elicited a nearly optimal formation of well developed primordia, although somewhat less (statistically significant at the 97.5% level) in number per centimeter compared to those formed after 5 days in NAA. The points for days 1 through 4 fell on a straight line when plotted on semilogarithmic paper (Fig. 4); i.e., the number per centimeter increased exponentially rather than arithmetically with time of exposure to NAA.
We interpret these results to indicate that the hormone must be present not only during the earliest phases of primordia initiation, but also up to the time that the primordia are sufficiently well developed to be self sustaining or stabilized. If the hormone is removed at some earlier time, the incipient primordia seem incapable of further organized development. Figure 3 . B: Roots harvested and fixed after 5 days of culture; left to right, 0 to 5 days exposure to NAA followed by, respectively, 5 to 0 days in NAA-free medium. These are representative segments from the experiment summarized in Figure 4 . The bar represents 1 mm. I interval, with the peak occurring during the 3-to 4-day interval.
To test the possibility that some substance essential for branch development other than NAA might have been lost during the rinsing process, a similar experiment was performed, but this time, after rinsing, some roots were transferred to fresh NAA medium, while others were transferred to basal medium as before. The results (Table IV) clearly implicated NAA as the essential substance, and again showed the exponential kinetics.
Thus, in this developmental system, the formation of branch roots requires the presence of auxin for up to 5 days for maximum response. Even though visible signs (cf. Figs. 5 and 6 ) of branch formation became evident after 2 days, organized growth failed to continue or was much reduced if the hormone was removed. Incipient primordia that failed to develop when NAA was removed appeared to be lost in a more uniform swelling of the vascular cylinder region.
Earlier studies with branch root systems tended to indicate that at least 2 to 3 days (21, 22) up to an undetermined number but more than 6 days (3) exposure to auxin was required for maximum response. In those studies relatively thick roots were used, and they were apparently not washed when transferred from auxin to auxin-free medium, increasing the possibility of auxin carryover. In one of those studies (3), interpretation was complicated by the concomittant formation of buds, which may have affected branch root formation. Our findings confirm a conclusion that can be drawn from those earlier studies (that a relatively prolonged exposure to auxin seemed necessary), and pinpoint the time requirements perhaps more accurately (at least for H. ravenii roots). They further extend the degree of analysis to include a description of the kinetics of the response, and also indicate that organ initiation could begin but come to a halt if initiation had not gone far enough in the presence of the hormone.
Very similar results, with a different developmental system and a different hormone, were recently presented by Brandes and Kende (4). Formation of stable buds on moss protonemata by a cytokinin hormone required the hormone's presence for 3 days. Although buds began to form before 3 days, many of them dedifferentiated if the hormone was removed early. The number of buds that became stabilized progressed exponentially with time (as did H. ravenii branch root formation). As the authors pointed out, the cytokinin's mode of action in that system involves more than simply acting as a "trigger." From our results, we may also say that the mode of action of the auxin-type hormone NAA, acting in the branch root system, is likewise not only that of a trigger. It may be acting to turn on a "master switch" which needs to be held in the "on" position (i.e., a switch that returns to the "off" position when released). Obviously, in branch root formation, auxin must be continuously present until meristems have reached some critical stage of development. The fact that the hormone can be readily rinsed out of the root tissues indicates that it is neither tightly bound to its site of action nor confined within a highly impermeable membrane.
Similar results, indicating a requirement for the continuous presence of a hormone during tissue response, have recently been presented for the role of ethylene in abscission promotion (10) , gibberellin in amylase production (7) , and auxin in cell elongation (11) .
Anatomical and Cytological Studies on Branch Root Initiation. Sections 10 ,um thick, from roots harvested after zero, 1, 2, 3, and 4 days in NAA medium, are shown in Figure 6 . Roots were typically diarch (branches usually formed in two rows), occasionally triarch. (Fig. 6 ). Cortical cells apparently responded initially to the influence of NAA in a fashion similar to pericycle-endodermal cells, to the extent that their nuclei and nucleoli became swollen and at least some cell divisions ensued. Measurements were made on the size of nuclei and nucleoli in cortical cells in squashed segments harvested at various intervals after inoculation (Fig. 7) . Maximum size was reached about 9 hours after inoculation.
After 2 days, localized areas in the pericycle-endodermis region showed clear signs of primordia initiation (Fig. 6) . Only a few cells, in many sections studied, had what appeared to be casparian strips. Thus it was not possible to delineate the endodermis unambiguously, although it appeared that both pericycle and endodermis cells were involved in primordia initiation (9) . Few cell divisions occurred in the cortex, which became crushed and ruptured as primordia developed further (Fig. 6) .
Primordia formed at a slight angle to protoxylem poles, common in diarch roots (9) .
The number of cells in a 1-cm segment versus time is shown in Figure 8 . The initial number of cells in a 1-cm root segment is about 15,000. Only a small percentage of these (primarily the pericycle-endodermal cells that form primordia) are actually progenitors of the population of cells that develops in 5 days.
Elongation of Branch Roots. As mentioned earlier, most primordia are capable of elongation to form branch roots a few centimeters long. Such branches develop even in the original medium, but will do so more rapidly if segments are rinsed and transferred to auxin-free medium after primordia have formed. It was also observed that roots elongated more rapidly in medium containing the mixture of vitamins, inositol, and glycine which is listed in "Materials and Methods," than if these supplements were omitted. Data in Figure 9 illustrate this response, as well as the time course of elongation. We have yet to investigate the fate of NAA in the medium.
It is curious that elongating branches do not in turn branch profusely when left in the original medium (they usually only branch once, and then just behind the necrotic tip as noted above), although they will branch profusely if excised and placed in fresh medium with NAA. Is the NAA inactivated somehow, or do the roots produce a substance that counteracts NAA? If something is produced in the older parts of the roots which translocates toward the tip and is responsible for the branch that develops there (and possibly responsible also for tip necrosis), what is its nature? These and many other unanswered questions must be the subject of future studies.
